We study the low energy phenomena induced by the lightest charged Higgs in the private Higgs (PH) model, in which each quark flavor is associated with a Higgs doublet. We show that the couplings of the charged Higgs scalars to fermions are fixed and the unknown parameters are only the masses and mixing elements of the charged Higgs scalars. As the charged Higgs masses satisfy 
In the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] , defined by
for diagonalizing the quark mass matrices, it is known that the off-diagonal elements denoted by (V CKM ) i =j are suppressed by the Wolfenstein parameter λ [3] . If the effects of λ are turned off, one immediately finds
In other words, small elements of (V CKM ) i =j imply that the structures of the Yuwaka matrices for up and down type quarks should be close to each other. However, based on the above discussion, the similarity of the mass structures is not respected by the data. Plausibly, we need to extend the Yukawa sector to explain the mass hierarchies.
In order to evade the drawback of the finetuned Yukawa couplings, a new type of solutions to the mass hierarchy is recently proposed in Refs. [4, 5] , in which the authors extend one Higgs doublet in the SM to multi-Higgs doublets with each gauge singlet right-handed fermion associated with one Higgs doublet. Hereafter, the model is called as the private
Higgs (PH) model [4] . The philosophy of solving the mass hierarchies in generations is now to utilize the hierarchy of VEVs of scalar fields instead of the hierarchy of the Yukawa couplings. Although many new neutral and charged scalar bosons are introduced in the PH model, most of the effects are suppressed by the heavy masses. In addition, the PH model provides the candidate of dark matter. The detailed study could be referred to Ref. [6] .
Since top and bottom quarks are the first two heaviest fermions, the dominant new effects are expected to be associated with the Higgs doublets, denoted by Φ t,b , respectively. Since m t ≫ m b implies Φ t ≫ Φ b , Φ b gives the dominant new physical effects if we take Φ t as the SM Higgs. Accordingly, we anticipate that the B-meson system could be the good environment to probe the special character in the PH model. In this paper, we study the effects of the private charged Higgs bosons on the rare flavor changing neutral current (FCNC) processes, such as B q −B q mixings and b → q(γ, ℓ + ℓ − ) decays with q=s, d. These processes are expected to be sensitive to the charged Higgs sector.
The paper is organized as follows. In Sec. II, we briefly summarize the PH model.
In Sec. III, we study the contributions of the charged Higgs scalars on B q −B q mixings, B → X s γ, B q → ℓ + ℓ − and B → (P, V )ℓ + ℓ − decays. The numerical results and their discussions are given in Sec. IV. Finally, we present the summary in Sec. V.
II. CHARGED HIGGSES IN PRIVATE HIGGS MODEL
To examine the charged-Higgs effects in the PH model, we first review the model proposed in Ref. [4] . In the model, as the hierarchy of the scalar VEVs is used to understand the fermion masses instead of the arbitrary Yukawa couplings, the SM with one Higgs doublet is extended to include six Higgs doublets so that each Higgs doublet can only couple to one flavor with imposing a set of six Z 2 discrete symmetries. In addition, six gauge singlet real scalars are introduced to achieve the spontaneous symmetry breakings. For simplicity, we will take only one singlet scalar field S in our discussion. The six-singlet case can be easily accommodated but our results on FCNCs remain the same. Under the discrete symmetries, the transformations for the flavor and the scalars are set to be
where f denotes the possible flavor of the quark, Φ f is the associated Higgs doublet scalar and S is the gauge singlet scalar. Since the left-handed quark belongs to the SU(2) doublet of two flavors, we require that it is invariant under the discrete transformations. Accordingly, the related scalar interactions with the electroweak gauge and Z 2 discrete symmetries are given by [4] 
After introducing the strategy to obtain the EWSB spontaneously as well as the small VEVs of the scalar fields with f = t, we can proceed to investigate the characters of the charged Higgs scalars in the PH model. In terms of SU(2) L × U(1) Y gauge symmetries, the Yukawa sector is given by
where
R denote the doublet and singlet of SU(2) L , respectively, and Y D(U ) is the 3 × 3 Yukawa matrix for down (up) type quarks. In the flavor space, Φ D,U are also 3 × 3 matrices, given by
U are the Higgs doublets of SU(2) L , which couple to D = (d, s, b) and U = (u, c, t), respectively. After the EWSB with the shifted scalar fields
the mass terms of quarks in the Yukawa sector are developed to be
with
To avoid the large FCNCs at tree level, we adopt the Yukawa matrices in Ref. [4] , given by
, the quark mass matrices can be simplified as
respectively, where
. Furthermore, from Eq. (14), one observes that the off-diagonal elements of
. As a result, at the leading order approximation the right-handed unitary matrices could be taken as identity matrices. Consequently, we obtain
It is clear that the induced FCNCs at tree level due to the Yukawa terms are suppressed
Although we cannot get a simple relation for (∆ Q L ) ij with i, j < 3, the FCNCs, involving the first two generations at tree level, will be suppressed by the heavy masses of φ d,s,u . The detailed analysis on the neutral Higgs exchange can be found in Ref. [4] .
In order to demonstrate that the neutral Higgs mediated FCNC effects will not impose a further serious constraint on the parameters for the charged Higgs, below we give an explicit discussion on the B q −B q mixing. According to Eq. (7), the relevant Yukawa terms are given by
where q ′ denotes the flavor of d-, s-and b-quark. Due to Φ b being the next lightest scalar, in terms of mass eigenstates the dominant effects for FCNCs at tree level in the B processes are written by
From the previous analysis, since the off-diagonal elements of the flavor mixing matrix for the right-handed quark are small, Eq. (17) given by 
. Therefore, to study the effects of physical charged Higgses, in general, one needs to consider a 6 × 6 mass matrix for these charged scalar fields. According to our earlier analysis, the hierarchy of quark masses is represented by the hierarchy of VEVs of the scalar fields. Due to v t ≫ v f =t , it should be a good approximation to take v ≈
.e., φ + t almost aligns to the Goldstone boson. Then, the lightest charged Higgs will be the φ Higgs mass matrix is a 3 × 3 matrix, which is similar to that in the Weinberg three-Higgsdoublet model [7] . Interestingly, if we further neglect the effect of φ + c , the situation returns to the conventional two-Higgs-doublet model [8] . By using Eqs. (11) and (15), we obtain 1, 1) . Moreover, from Eq. (19), we find that the sizable effects due to the charged Higgs scalars are related tot L b R andt R q L , where the vertex for the former is given by
is dominated by k=3. However, it is more complicated for the coupling
To see it, we take q = s with the sum
In terms of Eq. (15), the CKM matrix can be expressed by
Thus, in the phenomenological analysis, we can choose a suitable value of λ D(U ) so that V ts > ǫ U † 32 . The dominant effect for the vertex oft L q R could be simplified to be V ts , i.e., the 3-
In order to compare with the conventional two-Higgs-doublet model, we rewrite Eq. (19) in terms of quark masses and Eq. (10) as
If we take V −1
, we can easily get the formulas for the charged-Higgs interactions in the two-Higgs-doublet model to be
Furthermore, by using the relationships of
with cos
III. PHENOMENOLOGIES IN B DECAYS
According to the discussions in Sec. II, we know that there is an essential difference in the couplings of the charged Higgs scalars and quarks between the conventional multi-Higgs and PH models. For instance, if we turn off the CKM matrix elements, from Eq. (19) we see clearly that the couplings in the former are directly proportional to the masses of quarks but those in the latter do not involve new free parameters in the leading contributions.
In addition, in the former case, there are no intrinsic limits on the charged Higgs masses, whereas in the latter case, the masses have a preceding hierarchy stemmed from Eq. (6). It is known that all neutral pseudoscalar-antipseudoscalar oscillations in the down type quark systems have been seen. In the SM, since the oscillations are induced from box diagrams, they are ideal places to probe the new physics effects. As mentioned early, since φ + s,d are much heavier than φ + t,b , their contributions to the processes in the K-system are small, whereas significant contributions in the B-system could be possible.
To calculate B q −B q (q=d, s) mixings in the PH model, we first consider the diagrams displayed in Fig. 1 are given by ), we find
Box diagrams for B q −B q mixing arisen from charged scalar bosons.
To examine the B q oscillating effect, we parametrize the matrix elements as [9] 
where 
with g the gauge coupling of SU(2) L . We note that because X HW has the suppression factor of m b /m W F (y t , x t ), it is much smaller than X HH . In the following analysis, we will neglect the contribution of X HW .
To study the influence of new physics on the time-dependent CPA, we write theB q → B q transition by combining results from the SM and new physics as
where is given by
with η B ≈ 1 and S 0 (x t ) ≈ 0.784x 0.76 t . Due to ∆Γ q ≪ ∆m q in the B-system [1] , the timedependent CPA is found to be 
which is independent of q in the PH model. From Eq. (33), it is readily seen that the magnitude of φ N P s is controlled by r H .
B. b → qγ decays
It is known that b → qγ decays provide strong constraints on the penguin contributions from new physics. In this subsection, we examine these decays in the PH model. As an illustration, we present the possible dominant effects in Fig. 3 . Fig. 3 with gluons, gluonic penguins can be also generated by the charged Higgs scalars in the PH model. 
where O i (µ) are the effective operators at µ scale and C i (µ) are the corresponding Wilson coefficients. Because the dominant effects of the SM are from the terms with C 2 , C 7γ and C 8G , we only show the associated operators of
respectively, where (f f 
where C 
respectively.
In this subsection, we discuss the leptonic B q → ℓ + ℓ − and semileptonic B → (P, V )ℓ + ℓ − decays. The effective Hamiltonian for b → qℓ + ℓ − in the SM is given by [10, 11, 12 ]
where λ q t = V * tq V tb , k 2 is the invariant mass of the lepton-pair and C eff 9 (µ), C 10 and C W 7γ (µ) are the Wilson coefficients (WCs) with their expressions for next leading order corrections in Ref. [10] . Since the operator associated with C 10 is not renormalized under QCD, it is the only one with the µ scale free. In addition, by considering the effects from the one- 
respectively, with
and
where T 3 f is the third component of weak isospin and Q f is the electric charge of f . 
Since the BR is proportional to the lepton mass, obviously, the related decays are chiral suppressed. In addition, we see that only the H + mediated Z-penguin has the contribution to the decays. In order to study B → (P, V )ℓ + ℓ − , we have to know the information on the transition elements of B → (P, V ) with various transition currents. As usual, we parametrize the relevant form factors as follows:
are the masses of B, pseudoscalar and vector mesons,
By equation of motion, we can have the transition form factors for scalar and pseudoscalar currents as
Here, the light quark mass has been neglected. According to the definitions of the form factors, the transition amplitudes for B → (P, V )ℓ + ℓ − can be written as
Here, we only pay attention to the light leptons with the explicit effects of m ℓ ignored.
To get the decay rate distribution in terms of the dilepton invariant mass k 2 and the lepton polar angle θ, we use the k 2 rest frame in which p ℓ = E ℓ (1, sin θ, 0, cos θ),
H . By squaring the transition amplitude in Eq. (50) and including the three-body phase space factor, the differential decay rate as a function of k 2 and θ for
For B → V ℓ + ℓ − , by summing up the polarizations of V with the identity
2 ), from Eq. (52) the differential decay rate is found to be 
with ω(θ) = cos θ/| cos θ|. Since Eq. (55) has no linear term in cos θ, the FBA for B → P ℓ + ℓ − vanishes. Hence, only B → V ℓ + ℓ − has a nonvanished FBA, given by
IV. NUMERICAL RESULTS AND DISCUSSIONS
Since the contributions to the processes in the B q mixing, B → X s γ, B q → ℓ + ℓ − and B → (P, V )ℓ + ℓ − by the charged Higgs scalars have strong correlations, the new free parameters are only m H + and C tb . On the other hand, we can find constraints among these decays due to experimental data. To comprehend the influence of the new charged Higgs on the rare decays, we in turn investigate the above processes. As an illustration, we only focus on the processes with ℓ = µ.
For the B q mixing, besides the mass difference of two physical B-meson states described by ∆m q = 2|M It is known that the BR for B → X s γ not only has been measured well to be (3.52 ± 0.23 ± 0.09) × 10 −4 [13] but also is consistent with the SM prediction of (3.29 ± 0.33) × 10 (b) (a)
[16]. Hence, B → X s γ could give a strict constraint on the parameters of new physics. To simply get the bound, we adopt the BR for B → X s γ to be [17] 
where δ denotes the fraction of the spectrum above the cut,
2 ln z is a phase-space factor, K NLO stands for the next-leading-order (NLO) effect, C
7γ is the NLO effect of C 7γ and the values of k ij and k (1) 77 are given in Table I . Here, we have only considered the case with δ = 0.3. According to the results in Ref. [17] , the 
We can also investigate the direct CPA for B → X s γ, given by [17] A
where the current data is A CP (b → sγ) = 0.004 ± 0.037 [13] . Since the SM prediction is less than 1% [18] , the formula in Eq. (61) 
with the associated values of parameters given in Table II and III we present the influence of the private charged Higgs on 
we find that the BR of B + → K * + µ + µ − in the PH model could be larger than the upper value of the current data with 1σ error. In other words, B + → K * + µ + µ − provides a more strict constraint than B → X s γ does. We notice that this result relies on the theoretical uncertainty of the nonperturbative B → (P, V ) form factors. However, the QCD errors could be controlled well with the form factors extracted from the improved measurements on B → K * γ and B → (P, V )ℓν as well as refined lattice calculations. In addition, by a more precise measurement on B → K * ℓ + ℓ − , it is also help to make our conclusion more has the same sign as that in the SM. 
